Bk

)

[ it
[

g
i

Pl
Rl

THE MECHANICAL PROPERTIES OF
MULTI-YEAR SEA ICE,
PHASE II: ICE STRUCTURE ANALYSIS

J.A. Richter-Menge and
- N. M. Perron

U.S. Army Cold Regions Research
and Engineering Laboratory
= 72 Lyme Road
Hanover, NH 03755-1290



B |

o
Bl

B
(28

™

3
L

4

& ime

: s |

td

7
1S

H _:@;,1

i

[

S |

P

THE MECHANICAL PROPERTIES OF MULTI-YEAR SEA ICE
PHASE II: ICE STRUCTURE ANALYSIS

by

Jacqueline A. Richter-Menge and Nancy M. Perron

This report presents the ice structure analysis of multi-year pressure
ridge ice samples tested in the secbnd phase of a joint‘govetnment-iﬁdustry‘
study. The study was initiated to systematically examine the structure and
mechanical properties of ice samples taken from mulﬁi—year ridges. Inter;
est in the properties of multidear fidges stems from the fact that these
‘ridges are the most frequently encountered, massive 1ce features in exposed
areas of the‘Beaufort andVChufkchi Seas. Deep water oil plétformé con- |
‘structed 1n'this area of the arctic must be designed, therefore, to with-

stand the impact of a multi—yeaf ridge. |

Both Phase I,and II of this program involved field sampling in the
southern Beaufort Sea. The field.program for Phase I was conducted in
April 1981 and involved the sampling of 10 different pfessure ridges. A
continuous, vertical multi-year ridge core was also specifically obtained
for detailed strucfural analysis. A total of 220 unconfined uniaxial
constant-sﬁrain—rate compression tests were done on the vertically cored
ice samples from the 10 ridges. The preliminary ice structure analysis of
these test specimens indicated that the main factofvcontributingkto large
variations in the test results was assoéiated with the extreme local vari-
ability of ice structure within a ridge. It became apparent that ai' .
éomplete and useful‘analysis of the multi—year‘ridge ice property test data

would require a thorough structural interpretation of each test sample.
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Additional multi-year ice from 4 ridges was collected in April 1982
for the Phase II tests. Included in these field samples were horizontally
and vertically cored ice samples taken in close proximity to another.
These matched pairs‘were tested in unconfined, uniaxial constant-strain-
rate'compression to investigate the effect of sample orientation on‘the
test results. The remaining vertical ice sampleé were used in additional
unconfined compression tests and in confined constant-strain-rate compres-—
‘éidn, constantQStrain—rate tension, and consﬁant loéd compression tésts. A
total of 188 tests were done in Phase II. During the Phase II field
program, we also took a second vertically drilled continuous ridge core to
augment the ice structure data obtained in Phase I.

This report includes the ice structure analyiS'of the Phase 1I muiti—
year pressure ridge test spécimens with the exception of the constant load
compréssion tests. We have also’included the analysis of the continuous
ridge core taken during the secon& field program. The structural analysis
of ﬁhe ice samples tested in Phase I is presented in Richter-Menge et al.
(in prep, a). Discussions on the field sampling program and the test
results and analyseé for Phases I and II can be found in Cox et 51. (1984,

1985), respectively.

. SAMPLE ANALYSIS

The structural characteristics of the éontinoué mlti-year ridge core
and the Phase II ridge test specimens were evaluated using the same
techniques described in Richter-Menge et al. (in prep, a). Briefly, ice
thin sections were prepéréd from the sample after testing. If a sample was
destroyed during the test, end pieces taken immediately adjacent to the

test specimen were used to interpret the structural composition of the
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sample. The ice type was determined by studying the photographs of the
thin sections between cross pqlarizers.

The ice tyﬁe of each sample was described according to the multi-year
pressure ridge ice structural classification schemevsummarized in Table 1.
Figure l‘shows a series of thin sections, photographed between crossed
polarizers, that illustrates'the‘prihcipal structural characteristics of
each 1ice type. This structural classification scheme divides the ice into
thiée'major ice texture categories; granular, columnar, or a mixture of
columnar and granular ice. If a sample was classified as columnar, or
éonﬁained lafge ffagments of columnar ice, the ice thin sections were
analyzed on the universal stage. Using these measurements we defined the
mean angle between the crystallographic c-axes and the load direction (o:c)
and the degree of alignment of the c-axes (° spread). wé also used the |
thin section analysis to determine the angle between the columns, or direc-
tion of elongation of the cfystalé, and the load (0:z). The photographed
thin sections of each sample helped to confirm these measurements. Note
that all of our samples, both horizontally and vertically cored, were
cylindrical. The compressive or tensile load was'applied along the cylind-
rical axis of the samples. Eor vertically cored samples then, 0:z also
represents the angle between the direction of elongation and the verticai.
Thin sections taken perpendicular to the load were used fo} the crystal-
lographic measurements to avoid misinterpretation as a result of apparent
dip and plunge. o

The granqlar ice in the thin sections was not analyzed on the univers-—

al stage because the grain size was too small, averaging 1 mm in diameter.

rd
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Table 1. Structural classification scheme for
multi-year pressure ridge ice samples.

Ice e Code Structural Characteristics
Granular I Isotropic, equiaxed crystals
vColumnar ” II ' Elongated, columnar grains

ITA Columnar sea ice with c-axes normal

to growth direction; axes may or may
not be aligned

- IIC Columnar freshwater ice
Mixed 111 Combination of Types I and IIL
ITIA Largely Type 11 wifh granular §eins
IIIB Largely Type I with inclusions of

Type I or II ice (brecciated ice)
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Figure 1. Structural characteristics of
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The granular ice was observed between crossed polafizers and the crystals
appeared to be randomly oriented.

The maximum, minimum and mean grain sizes of thé‘columnar and/or
granular crystals in each sample were estimated by using the thin section
photographs. Each photograph contained a millimeter scale next to the thin
section for grain size. analysis. The grain size‘measurements in’the ten—
sion tests were made at the locatipn of the failure plane. Unlike the com-
preséion tests, the tension samples all failed via an extension mechanism.
The failure plane was normal to the load and easily identified in the thin
section photographs. For the compression test specimens, we based our
grain size measuremenfs on the textural characteristics of the entire
sample.,

Backlighting was again used to determine the gross structural features
of the ice samples. Photographs of the sample at noted positions were
taken before and after the test. The two sets of photographs were compared
to distinguish between original and test-created ice textures in th;%ggn—
fined and confined compression tests where the ice underwent considerable
deformation. The post-test photographs of the sample were also used to
determine the mode and location of the failure. The type of failure was
described using Figure 2, taken from Jaeger and Cook (1969).

The Phase 11 continuous multi-year pressure ridge coré was indexed
with a vertical line along its entire length before thin sectioning. The
core was thfh cut into 10 cm segments and thin sectioned. A continuous
structural profile of this core was prepared from the photographs taken of

these thin sections between crossed polarizers. This structural profile is
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Figure 2. Typical failure modes; in compression, (a) longitudinal split-
ting, (b) shear fracture, and (c) multiple shear fractures and, in tension,
(d) extension fracture. '
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presented in Cox et ai. (1985) together with a detailed description of the

ice structure.

CONTINUOUS MULTI-YEAR RIDGE CORE

A schematic structural profile of the Phase II continuous vertical
multi-year pressure ridge core is presented in Figure 3. Well-defined
columnar zones in the core, indicated b} the letter C, include a measure-
ment of the.angle between the direction of elongétion of the crystals and
the vertical (0:z). We also note whether the crystal c—axes in the column-
ar ice were aligned or unaligned.

Nearly 50%Z of the ice in the Phase II éore is columnar. The zones of

columnar ice are distributed throughout the core, unlike the Phése I con-

" tinuous core in which most of the colummar ice was concentrated at the

bottom of the core. The remainder of the Phase II core is a combinétion of
granular ice and»mixed granular and columnar crystals. The mixed ice is
predominately brecciated, composed oflcoluﬁnar fragments in a granular
matrix. Based on these charaéteristics, it would appear that this multi-
year ridge (Ridge C) was initially formed by the compression of two adja-
cent ice sheets. We would anticipate a much lower percentage of colummar
ice in a fidge formed by shearing.

As observed in the Phase I continuous ridge core and many of the Phase
I test samples, the angle between the vertical and the direction of elonga—
tion of the crystals in the columnar zones of the Phase II core is 15° or
less. There is only one exception, at 350 cm one section of columnar ice
has a 0:z angle of 35°. This indicates that in Ridge C, the columnar

blocks were lying in a near-horizontal position.



Z7]

=y

S

F
[

el

g

PRl oo
€ & i

1

B

& oEmE

rw

Ea 2

£
T

£
B |

e

ry

PETe

£

Sclinify (%oo)

//[ C;0:2=15° Aligned
M

C:0:2=0° Aligned at
110 ¢cm

M «
//C;O':Z=I5°,Aligned

M
G

//AC;O’:Z =35° Aligned

M

r/// C;0:2=15° Aligned
G

\\\\ C;0:Z=15°Unaligned
M
\\\\C;O':Z=l5°,Unoligned

Depth (m)
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Figure 3. Salinity and schematic structural profile for the Phase II con~

‘tinuous multi~-year pressure ridge core. = granular ice, C = columnar

ice, M = mixed granular and columnar ice.
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TESTED MULTI-YEAR RIDGE ICE SAMPLES

In this‘section we present the results of the ice structure analysis
of the Phase II multi-year ridge test specimens. Phase I results are
included whenever it 1s appropriate. This additional data has helped us in
the interpretation of the effect of ice structure on the Phase II test
results. The structural classification and crystallographic measurements
made on each Phase II test specimen are given in Appendix A. The samples
are grouped according to test condition. The fracture mode for the tension
tests is not listed in these tables since all of thé gamples failed via an
extension mechanism (Fig. 2d). In Table 2, we have listed the total number
of Phase II samples tested in each major loading state, noting the ridges
that the samples were taken from and the number of columnar samples in each

group.

Unconfined constant-strain-rate compression tests

The Phase II unconfined, uniaxial constant-strain-rate compression
tests were done at two temperatures (-5 and -20°C) and two strain-rates

-2

(10 and 10'4 s'l). The test parameters were chosen to compliment the

unconfined constant-strain-rate compression tests done in Phase I at the
same temperature, but at strain rates of 10~3 and 10"5 s"l. Matched pairs
of horizontally and vertically cored samples were tested at -5 and -20°C

-1 to determine the effect of sample orientation

and a strain rate of 10~ 8
on the compressive sﬁtength of the multi-year ice., These samples were
paired according to their location within the ridge. We have summarized
the percent granular, columnar and mixed ice samples at each test condition

in Phase I and II in Table 3. As noted in the Phase I ice structure analy-

sis report, the most common ice type by far is the mixed colummar and



Table 2. Columnar ice samples tested in Phase II. These samples include
both columnar and mixed samples with greater than or equal to 80% columnar
ice.

e
[

' Ridge Total number of Total number of % Columnar
Test Type No. samples tested columnar samples samples

il

Unconfined A 9 0 0
Compression c 53 20 ‘ 38

€. o

Confined A 22 0 0
Compression B 33 7 21

L |

Tension A 15 . 1 7
B 21 2 10

™ Total 153 30 20

G
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of the strength vérSué porosity band. At all test conditionms, 107" and
1()—2 s'l, there is a tendency for the compressive strength of the mixed and
granular ice sémples to decrease with én increase in porosity. The influ-
ence of grain size on the compressive strength of the ridge samples appears
insignificant compared to the effects of crystal orientation and porosity.
Allbof the matched sample pairs we tgsted were oftained from Ridge C,
the same ridge that provided the continuous ridge core described in the
previous section. The tests done on the matched pairs (Fig. 4b and d) do
indicate that the mean compressive strength of ice samples from a multi-
year ridge is dependent on sample orientation. Vertically cored samples
tend to give a higher mean strengtﬁ than horizontally cored samples. The
dependency of mean compressive strength on sample orientation can be
explained by sample ice structure. The ice structure analysis of the
ridggs we have samples, including Ridge C, suggests that most of the large
columnar ice biocks in a.multi—year ridge initially formed by compression
lie in a near-horizontal position. At this orientation thevdirection of
elongation of the crystals or the columns in these large ice blocks in near
vertical. The columnar ice samples collected from vertical coring will,
therefore, be loaded nearly parallel to the direction of crystal elongation
(0:2=0°). This is the hard fail direction in columnar ice. Horizontally
cored columnar ridge samples will tend to have an angle of¢90° between the
long columns and the applied load (o0:z = 90°). Work by Peyton (1966) and
Timco and Frederking (1986) has shown thatvcolumnar ice samples 1§aded
~ parallel to the elongated crystal axes have compressive strengths 2-4 times
higher than samples loaded normal to the direction of elongation. Mixed

ice samples with large fragments of columnar ice are also affected by the
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orientation of the columnar ice within them. If the columnar fragments in

the sample are oriented with the direction of crystal elongation parallel

to the load (o:z = b‘) the sample will fail at a relatively high load and
deformation will occur in the granular material surrounding the colummar
fragments. The difference between the mean compressive strength of vertic-
ally and horizontally cored samples will depend on the number of columnar
test specimens in the‘test series and their crystallographic orientation
relative to the load. The results from the tests on the matched ridge ice
sample pairs are discussed in more detail in Richter-Menge and Cox (1985).

The influence of the c—-axis orientation relative to the load (T:c) on

. the compressive strength of the columnar samples is evident in Figure 4d.

The majority of ‘horizontal samples tested at this conditibn were columnar
and had an angle of approximately 90° between the direction of elongation
and the load, which was applied along the cylindrical axis of the test
specimen (0:z = 90°). These horizontal samples had a higher strength when
G?c was near 0°. As the 0:c angle increased the compressive strength
decreased significantly. This behavior is well documented in reports on
the comﬁressive strength of horizontally cored first-—year se# ice saﬁples
[Richter-Menge et al. (in prep, b), Wang (1979), and Peyfon (1966)]. The
first-year sea ice tests have shown that the éompressive strength of hori-
zontal samples loaded parallel to the c—~axes (o:c = 0°) isﬂgreater than the
strength of samples loaded perpendicular to the c-axes (0:c = 90°) and that
both are greater in strength than é sample where o:c = 45°,

The Phase I and II unconfined , uniaxial compressive strength data‘is

combined in a mean strength versus strain rate plot in Figure 5. We have
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noted the compressive‘strength of the horizontal and vertical samples at
10"“ s"1 separately in the figure. All of the test specimens used at the
other test conditions were from vertically cored ice. We will compare the
test results from.the Phase I and II vertically cored samples only since
the orientation of the samples does affect the compressive strength.

As discussed in ghe Phase II report on test results (Cox et al.,
1985), we would expect a power law relationship between ice strength and
strain rate in the ductilé region between 10"5 and 10"3 g1 (Mellor, 1983).
This relationship, which plots as a straight line on log~-log paper, was not
observed in our test results. The porosity variations between the Phase I
and II samples appeared to expléin this deviation. After analyzing the ice
structure characteristics of the samples tested in' each group, however, it
becomes apparent tﬁat variations in the overall structural compoéition of
each test group also affect the test results.

The Phase I struc;ural analysis indicated that at -5°C, both the 10-3,

-1

and 10-5 s sample groups were characterized by an isolated cluster of

extremely high strength columnar samples. These columnar samples were
loaded such that o:z 5;10°. The two, Phase I sample groups, tesﬁed at
~20°C did not exhibit this characteristic. The structural analysis of the
Phase II ice samples tested at a strain rate of 10"'+ s"1 (Fig. 4b and 4)
shows that at ~20°C there is an isolated group of extremely high strength
columnar samples and at -5°C there is none. These differences are reflect-
ed in the mean strength versus strain rate plots. At -5°C (Fig. 5a), the

-1

mean strength of the 10"” s~ vertical samples falls below a straight line

drawn between the 10~ and 10‘3 test results of Phase I. The mean strength

of the 10'4 s"1 samples tested at -20°C lies above this line (Fig. 5b).

10
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Table 4. Summary of percent granular, columnar, and mixed ice

samples at each Phase II confined compression test condition.

-5°C -20°C
a,/0y 0.25 0.50 0.50 0.25 0.50  0.50
: 10-° ¢~ 10=°  10-° 1070 1070 1073

Granular 302 11 22 22 11 11
Columnar 30 11 11 11 - 11 0
Mixed 40 78 67 67 78 89
Total number | 10 9 9 9 9 9
of samples
tested
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The distribution of ice types at a given test condition is relatively
consistent, The majority of samples consists of a mixture of columnar and
granular ice, similar to the Phase I and Phase II unconfined compression

-1 -
s -5°C9

test samples. There is one exception, at a strain rate of 10-5 s
and confinement ratio of 0.25, there are approximately the same number of
samples 1in each ice type category.

We would antiéipate the influence of ice structure in the confined
cdmpression tests to be similar to that observed in the unconfined compres-
sion tests given the common deformational mechanisms. In general, we did
observe this to be‘the case. Columnar samples with a O:z angle near 45°
had a low compressive strength (Fig. 6a). There was an increase in
strength as 0:z became greater than or less than 45°., The columnar and
mixed ice samples from Ridge B, which were used in half of these tests,
tended to have a high o:z angle.‘ Consequently, we did not observe any
isolated groups of high strength columnar samples in thevconfined compres-
sion tests on the multi-year ridge samples. This should be noted when
combining the results of the confined compression tests and the Phase I
unconfined compression tests data to define the chéracteristies of the
yield surface. Recall that in Phase I the columnar ice samples generally
had low 0:z angles. As we discussed in the combined analysis of the uncon-~-
fined compression test data from Phase I and 1I, differenc;s in the overall
ice structure characteristics of the test groups do affect the relative
mean strengths. Addition of the multi-year floe ice samples tested in
Phase I at a confinement ratio of 0.46 does show that in the confined
tests, columnar samples with a 0:z angle near 0° tend to have the highest

strength (Figs. 6b and c).

12



s T EY
% #arj

1

FETe
G

Pl

T
|

T

o

FETTE
[

1

FEic s

Bomm

&in

=

P
LR o g

Ty
Rk

S |

=1

£
| §-ries

P |

&

The confined compressive strength of mixed and granular ice samples
shows a strong tendency to decrease with an increase in porosity at all
test conditions. Those mixed ice samples with a high percent of columanr
ice (> 80%) lie on the outside of the strength versus porosity band. As we
discussed in the previous section, this is a fesult of the orientation of

the columnar fragments within the sample.

P

Uniaxial constant-strain-rate tension tests

Direct tension tests were done on 36 multi-year ridge ice samples in
Phase II of the program. All of these samples failed via an extenéion
mechanism as i1llustrated in Figure 2d. Tensile strength is plotted against
sample porosity in Figure 7. We have included the structural classifica-
tion and crystallographic measurements for thg samples in this figure.

All but six of the multi-year ridge ice samples tested in tension
consisted of a mixture of columnar and granular ice (Table 5). Three of
the remaining samples were columnar and 3 were granular. To gain a more
complete undergtanding of the influence of 1ice structure on the tensile
strength of the multi-year ice, we have included the Phase I multi-year
floe ice test results in Figure 7. The floe ice was predominately column~-
ar. Based on the combined results, it appears that the tensile strength of
multi-year 1ce shows little dependency on ice type. We do. observe that the
columnar ice samples tend to have a higher strength than the mixed and
granular ice samples at all test conditions. We believe that this is due
to the generally lower porosity of these columnar samples rather than dif-
ferences in the ice type. If the columnar structure of the ice was the
reason for the increased tensile strength, we would expect to see a rela-

tioﬁship between the orientation of the columns relative to the load (0:z)

13
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Table 5. Summary of percent granular, columnar, and mixed
ice samples of each Phase II uniazial tension test condition.

-5°C -20°C
10~ 7! 1070 10~° 10~5
Granular 0% 11 11 11
Columnar 22 0 0 11
Mixed 78 89 89 78
Total number of 9 9 | 9 9

samples tested
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and the strength. Such a relationship has been observed ﬁy both Peyton
(1966) and Dykins (1970) in tests on first-year sea ice samples. In
Peyton's test the tensile strength of the ice varied from 290 psi at a 0:z
orientation of 0° to 100 psi at an orientation of 0:z = 90° and 0:c = 45°,
The tests by Dykins supported these findings. Our test data do not indi-
caté this trend. We do note, however, that a columnar ice sample with a
porosity comparable to a mixed or granular ice sample alsé has a comparable
strength (Fig. 7a and d). |

We also analyzed the effect of grain size on the tensile strength of
the multi-year ridge ice samples. 1In Figure 8, we have indicated the mean
grain size measured at the failure plane for each test sample. Two values
next to a data point indicates that the failure plane crossed both colqmnar
and granular ice crystals. The larger'number represents the mean columnar
grain size and the smaller, the mean granular gfain size., Results from
direct tension tests on fresh water, equiaxed polyecrystalline ice (Currier
and Schulson, 1982) show an inverse relationship Between grain size and
tensile strength. This relationship was not apparent in our test results.
We did observe a tendency for the mixed samples ice to fail in the part of
the specimen where the grains were coarser. There were exceptions, includ-
ing mixed ice samples with columnar fragments oriented in the hard fail
direction (0:z = 0°). These samples failed in the finer—g}ained ice that
surrounded the fragments. Other mixed ice samples falled at abrupt changes
in ice structure. One consistent observation was the coincidence of fail-
ure planes with large (> 1 em), isolated voids in the samples. The samples
that failed at structural discontinuities and volds are indicated in Figure

8.

14
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It becomes apparent on these plots that while the location of the
failure plan may be influenced by grain size, changes in the ice structure,
and large voids, the tensile strength of the samples is not. Instead, the
porosity of the sample. seems to be the dominant characteristic influencing
the tensile étrength of the multi-year ridge ice samples. This is true at

all test conditions.

DISCUSSION

A total of 14 multi-year pressure ridges have been sampled in the
course of this mechanical properties test program. We have structurally
analyzed ice test specimens from 13 of these ridges. 1In Table 6, we list
the number and percent of columnar samples tested in each of the ridges.
We héve included as columnar those samples classified as mixed that are
made up of > 80% columnar ice. Our Phase I and II test results suggest
that these mixed ice samples behave similarly to the colummar ice samples.

The amount of columnar ice varies from ridge to ridge.‘ As we dis-
cussed in the Phase I ice structure analysis report, we believe this is due
to differences in the mode of formation of the ridge. Ridges initially
formed by the compression of one first-year ice sheet against another con-
tain large blocks of columnar ice. The ice in a ridge formed by,éhearing
on'the other hand, is highly fragmented. Samples taken from ridges should
reflect these differences. We would expect’to get a higher percentage of
columnar samples from a multi-year pressure ridge formed by compression
than from one formed in shear.

A frequenc; histogram of.the nu;ber of columnar samples in a given 0:z

orientation is presented in Figure 9. The frequency histogram of the Phase

I columnar samples was originally presented and discussed in Richter-Menge

15



Table 6. Columnar ice samples tested in Phase I and II. These
samples include both columnar and mixed samples with { 807
columnar ice.

Total number of Total number of % Columnar

g" Ridge no. samples tested columnar samples samples
o Phase 1

r

E 1 23 13 57

2 24 4 17

E' 3 22 3 14

4 22 6 27

E 5 22 5 23

> 6 12 0 0

r 7 23 6 26
t] 8 24 15 63

. 9 24 1 4

Ef‘ 10 24 8 33

- Phase 11

E"”’ A 46 : 1 2

ﬂ B 54‘ 9 17

4 C 53 20 38

. 373 91 24
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Figure 9. Frequency histogram of the Phase I and II columnar ridge icé

samples in a given 0:z orientation.
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et al. (in prep, a).. In that report we noted the relatively large number
of low 0:z measurements. Based on this observation, we concluded that in
the 10 ridges we sampled during Phase I the blocks of columnar, first-year
sea 1ce that were incorporated into the ridge during its formation, were
lying in a near horizontal position. The vertically cored, columnar
samples taken from these ridges tended to have a high compressive strength
since they were loaded in the hard fail direction (0:z = 0°). We further
anticipated that the mean compressive strength obtained from a series of
tests on vertical ridge samples would be higher than the mean value
obtained from horizont;l samples. The horizontal colummar samples would
tend to be loaded normal to the elongated crystalkaxis (0:z = 90°), giving
a lower compressive strength and; hence,ta lower overall mean strength.
The difference would be strongly dependent on the amount of columnar ice in
the test series and the orientation of the columnar ice crystals.

The Phase II unconfined compression tests on matched horizontal and
vertical pairs collected during the second field program confirmed our
hypothesié (Richter~Menge and Cox, 1985). As we discussed earlier in this
report, we found the effect of sample orientation on the mean combressive
strength of multi-year ridge ice samples tested at a given condition to be
significant (Fig. 4b and d). The difference was greater in the test series
with a higher percent of columnar samples (Fig. 4d). «

The results of the compression tests on matched horizontal and vertic-
al pairs would probably have been different, however, had wé takeﬁ our
samples from Ridge B. The samples taken from this ridge tended to have a
high 0:z angle as indicated in Figure 9. Our compression test results on

the ridge samples suggest that columnar samples with a 0:z angle near 45°

16
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are generally weaker than mixed or granular ice samples with comparable
porosities. Coiumnar samples with 15° < o:z < 35° ork55° £ 0:z < 90° have
strengths comparable to the mixed ice samples. We would therefore, expect
the mean compressive strength of vertically cored samples taken from Ridge
B to be comparable to the strength obtained from horizontal samples.

Based on our sampled ridge pépulation, it still appears that the
columnar blocks within a ridge tend to be in a near horizontal direction
with the elongated crystal axis near vertical., The charaéteristics of the
Ridge B columnar ice samples show us, however, that this is not always the
case. This obervation again points out the importance of the ice structure
analysis for the interpretation of multi-year ice data. Each data group is
unique with respect to the number of granular, columnar, and mixed ice

samples and the orientation of the columnar ice within the samples. These

variations in ice structure combined with differences in porosity will be

reflected in the mean strengths. Without a thorough structural analysis of
the ice types in all of the test groups, the combined results of a program
could lead to erroneous conclusions. This is pafticularly true with re-
spect to the compressive strength of the ice, both unconfined and con-
fined. Our results on the strength of the multi-year ridge ice samples
loaded in tension suggest that for strain rates from 10"s to 10'3 s"1 and
temperatures between -20 and -5°C, the tensile strength is insensitive to
ice type. More tension tests should be done on ridge samples to confirm
this observation as we tested only nine samples at each test condition.
This is an extremely small number of tests given the variability of the
material,

Ideally, we should be able to devise a system that allows us to adjust
each déta set to reflect the number of granular, columnar, and mixed ice

samples that would be found in a 'representative' population of multi-year

ridge samples, Orientation of the columnar ice samples would also have to
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be normalized. We would then be more certain of our conclusions made on
the basis of combined data sets. It appears that this could be done by
weighting the results of each test. The difficulty comes in defining the
representative sample population. We expect it to be a function based on
the number of ridges sampled and the number of samples taken from each
ridge. Our current data set, involving data from 13 ridges, obviously is

still too small to define this function with any certainty.

CONCLUSION

The ridge building process itself appears to be extremely dynamic
based on thg large percentage (approximately 80%) of mixed ice samples in
our combined Phase I and II data set. It also appears that there may be a
prgference for the columnar ice blocks in a ridge to lie in a near hori-
zontal position. This results in a depeﬁdency between méan compressive
strength and sample orientation. Vertically cored samples tend to give a
higher mean compressive strength than horizontal samples.

At the end of the first phase of this testing program it had become
apparent that the ice structure in multi—yearbridge samples was extremely
variable and that the structure had a profound effect on the mechanical
properties of the ice. The Phase II test results confirm this observation.

The ice structure analysis of the Phase II unconfined and confined
combression tests shows that the effect of ice structure on the compressive
strength of multi-year ridge ice samples is independent of the temperature,
strain rates, and confining ratios that we used in our test series. We

will, therefore, restate the following general conclusions made in the

Phase I report:

18
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For columnar ice samples, the dominant characteristic that influ-
ences sample strength 1s crystal orientation. Columnar samples
with the direction of crystal elongation near vertical and with a
high degree of crystal c-axis alignment will have extremely high
compressive strengths. When the direction of crystal elongation
coincides with the direction of maximum shear at an angle of 45°
to the load, the columnar samples have a very low compressive
strength.

A sample composed of both columnar andwgranular ice (classified as
a mixed ice sample) will exhibit mechanical ‘properties that are
similar to a columnar sample if it contains éOZ or more columnar
ice.

- The orientation of the columnar fragments in a mixed ice sample
influences the overall compressive strength and deformational
characteristics of the sample. If the columnar fragments are
oriented in athard fail direction the sample will have a relative-
ly high strength. Failure in these samples will occur in the
granular material surrounding the columnar fragments.

Mixed and granular ice samples show a significant decrease in

strength with an increase in ice porosity.

The tensile strength of the multi-year ridge ice samples does not

appear to be significantly influenced by ice structure. Rather, the poros-—

ity of the sample is the dominant characteristic with respect to strength.

The most significant conclusion drawn from this study is the import-

ance of characterizing the ice structure of each test specimen. Without

such an analysis, the development of a constitutive law for multi-year

e T s
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ridge ice based on the data from mechanical property tests on ridge samples
will be misleading. An ice structure analysis should become a standard
procedure in all multi~-year ridge prdgrams. We also suggest the compila-
tion of ice structure data taken in field sample and testing programs from
all available sources. This would provide an opportunity to determine

Y/‘W\ﬂv o)

representative ridge characteristics and, hence,fstrength that should be

used in design codes.

20



i |

APPENDIX A. Multi-Year Ridge Sample Data

This appendix contains the results from the ice structure analysis of
the Phase II tests performed on multi-year ridge ice samples. These tests
included unconfined and confined constant-strain-rate compression tests and
uniaxial constant-strain-rate tension tests. The test type 1is denoted by
Uc, CC, and UT, respectively. STR. CC. -3-5/0.5 indicates the structural
analysis of the confined compression tests done at a strain rate of 10"3
3“1, a temperature of -5°C, and a 93/9; confinement ratio of 0.5. A
similar strategy was used to identify all other test condiﬁion. The
paramgters listed for each test are identified in Index A. The sample
number RA01-262/289 gives the location and depth of the sample; that is,
Ridge A, hole 1, at a depth of 262 to 289 cm. At a strain rate of 107" s"'1
and temperatures of —S and -20°C in the unconfined compression tests, we
tested matched pairs of vertically and horizontally cored ice samples. fhe
vertical samples are labeled with a V and the horizontal samples with an

He All of the other sampels in the Phase II portion of the test program

were vertically cored.
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INDEX A
Column Number
Comp. Tension Sympol Description
1 1 om(psi) Peak stress or strength.
1 1 em(GL)(%) Strain at oy determined by DCDTs

over a gauge length of 5.5 in. for
the unconfined compression tests,
10.0 in. for the confined compres-
sion, and 4.5 in. for the tension

tests.

3 3 tm(s) Time to péak stress.

4 4 Ei(GL)(IO6 psi) Initial tangent modulus determined
using strains found over the gauge
length.

5 : - te(s) Time to end of test.

6 - oe/dm Ratio of end stress at 5% full

’ sample strain to peak stress.
7 5 n (0/00) ~ Sample porosity at test temperature.
6 Classification Classification of ice texture type

as granular (1), columnar (2), or a
mixture of granular and columnar

(3).

9 7 % Columnar Estimation of % columnar ice in the
sample.

10 8 min (mm) Measurement of the minimum, maximum,

11 9 max (mm) and mean columnar grain size as

12 10 mean (mm) measured across the width of the
grain.

13 11 o:z (degree) Angle between the direction of

crystal elongation and the load
applied along the cylindrical axis
of the sample.

14 12 g:c Angle between the load and the mean
‘ crystal c—axis direction.

15 13 ® gpread Degree of alignment of the c-axis.
UN and R represent unaligned and
random, respectivly.
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19

20

14

17

min (mm)
max (mm)
mean (mm)

Type failure

Location

Measurement of the minimum, maximum,
and mean granular grain size.

Dominant failure mode. L = longi-
tudinal splitting, S = shear, and
MS = multiple shear failure.

Location of falled area in sample.
T = top, M = middle, and B = bottom

"of sample.
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